Gene expression in metazoans is regulated by RNA polymerase II (Pol II) promoter-proximal pausing and its release. Previously, we showed that Pol II-associated factor 1 (PAF1) modulates the release of paused Pol II into productive elongation. Here, we found that PAF1 occupies transcriptional enhancers and restrains hyperactivation of a subset of these enhancers. Enhancer activation as the result of PAF1 loss releases Pol II from paused promoters of nearby PAF1 target genes. Knockout of PAF1-regulated enhancers attenuates the release of paused Pol II on PAF1 target genes without major interference in the establishment of pausing at their cognate promoters. Thus, a subset of enhancers can primarily modulate gene expression by controlling the release of paused Pol II in a PAF1-dependent manner.
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P romoter-proximal pausing by RNA Pol II is found at the majority of actively transcribed and developmentally regulated genes in metazoans. The most-studied example has been the induction of HSP70 gene expression during heat shock, but even highly transcribed genes exhibit some degree of pausing (1) . The direct regulation of pausing relies on factors physically associated with Pol II, including negative elongation factor (NELF), DRB sensitivityinducible factor (DSIF), Gdown1, and PAF1 (1-3). Release from pausing requires positive transcription elongation factor b (P-TEFb) and P-TEFbcontaining complexes such as the super elongation complex (SEC), which physically and functionally associates with the Integrator complex (4-7). In addition, transcription factors such as Myc, PARP1, and KAP1 can act as hinges between signaling pathways and gene expression by communicating with the direct regulators of pausing (8) (9) (10) .
Previously, we found that PAF1 depletion leads to a substantial release of paused Pol II into productive elongation, which suggests that PAF1 functions in the maintenance of the paused state (3). To further explore the relationship between PAF1 and paused Pol II genome-wide, we conducted PAF1 chromatin immunoprecipitation sequencing (ChIP-seq) and compared its distribution to Pol II and several histone modifications. Unexpectedly, we found that PAF1 occupies not only active promoters marked by a high level of H3 Lys 4 trimethylation (H3K4me3) but also can be found at active enhancers marked by the presence of histone H3 Lys 27 acetylation (H3K27ac) and H3 Lys 4 monomethylation (H3K4me1) (Fig. 1A) . Global analysis reveals a widespread distribution of PAF1 at both active promoters and enhancers (Fig. 1B) . The relative occupancy of Pol II is much greater at active promoters than at active enhancers, whereas the occupancy of PAF1 at active enhancers is similar to its occupancy at active promoters (Fig. 1, A and B, and fig. S1A ).
The higher ratio of PAF1 to Pol II at enhancers than at promoters suggests that PAF1 could also have a role in regulating enhancer activity (Fig.  1C) . To test this hypothesis, we performed PAF1 knockdown and H3K27ac ChIP-seq. Knockdown of PAF1 leads to decreased protein levels of other PAF1 subunits ( fig. S1B ). Increased levels of H3K27ac were seen at active enhancers ( Fig. 1D ) but not at active promoters upon PAF1 depletion ( fig. S1C ). Enhancers with significantly increased H3K27ac (~35% of active enhancers) tended to exhibit a corresponding increase in Pol II occupancy and enhancer RNA (eRNA) transcription (Fig. 1, E, F, and H, and fig. S1D ). The decreased occupancy of PAF1 at enhancers after PAF1 knockdown was confirmed by ChIP-quantitative polymerase chain reaction (qPCR) ( fig. S1F ). Active enhancers without a significant change of H3K27ac (~54% of active enhancers) had higher levels of Pol II occupancy and eRNA transcription before knockdown, which suggests that these enhancers were already fully activated (Fig. 1,  G and I, and fig. S1E ). Together, these findings indicate that PAF1 could repress the activity of a subset of enhancers.
To examine the relationship between the activation of enhancers and their nearby genes in response to PAF1 depletion, we first divided the intergenic active enhancers (abbreviated as enhancers hereafter) into "activated enhancers," which exhibit increased eRNA in addition to increased H3K27ac, and "stable enhancers," which are unchanged for eRNA and H3K27ac levels upon PAF1 knockdown. We found that the relative occupancy of PAF1 is much higher on activated enhancers ( fig. S2A ), suggesting a direct role in attenuation of enhancer activity by PAF1. To examine expression changes of nearby genes, we purified total RNA, performed ribosomal RNA depletion, and then separated polyadenylate [poly(A)]-depleted and poly(A)-enriched fractions using oligo(dT) beads, representing mostly nascent RNAs and mature RNAs, respectively. Genes within 80 kb of activated enhancers, but not genes farther than 100 kb, showed the greatest up-regulation of the nascent RNA-enriched fraction ( Fig. 2A) . In contrast, genes near or distant from stable enhancers were relatively unchanged (Fig. 2B) . Analysis of the mature mRNA-enriched fraction also revealed that genes within 80 kb of activated enhancers are more likely to be upregulated ( Enhancer activation could induce gene expression by promoting different steps in the transcription cycle such as initiation, release of paused Pol II, or productive/processive elongation. To determine which step(s) within the transcription cycle at promoters bearing paused Pol II is primarily controlled by PAF1-regulated enhancers, we performed metagene analysis of Pol II occupancy for genes within 80 kb of activated and stable enhancers (Fig. 2 , G and H). Our analysis indicates that genes nearby activated enhancers display a substantial release of paused Pol II but not a detectable induction of initiation ( Fig.  2G ), whereas genes around stable enhancers do not demonstrate an increase of this magnitude in pause release (Fig. 2H ). These data show that enhancer activation is correlated with pause release and up-regulation of nearby genes.
To examine the specific function of activated enhancers for pause release and the induction of their nearby cognate promoters, we searched for enhancers proximal to genes that exhibit pause release upon PAF1 knockdown that would be amenable to CRISPR/Cas9-mediated deletion without disrupting the putative linked gene or neighboring gene. Of the several enhancergene pairs attempted, we were able to obtain two independent clones each with homozygous deletions of putative enhancers for IER5 and SERPINE2 (Fig. 3, A and B, and fig. S3, A and B) . We validated two independent homozygous clones for each deletion by PCR and Sanger sequencing ( fig. S4, A and B) . Enhancer knockouts exerted a marginal effect on the establishment of paused Pol II and PAF1 occupancy at promoters in NONT cells (Fig. 3, C and D, and fig. S5, A and B) . In contrast, the release of paused Pol II was severely impaired at the putative target gene of the deleted enhancers in the PAF1-depleted condition, indicating that PAF1 plays an essential role in regulating pause release through modulating enhancer activity (Fig. 3, C and D, and fig. S6 , A to C). Other PAF1 target genes unrelated to the deleted enhancers were unaffected by the IER5 and SERPINE2 enhancer deletions ( fig. S6, D and E) .
A direct interaction between the SERPINE2 promoter and its enhancer was confirmed by circularized chromosome conformation capture (4C) combined with high-throughput sequencing (4C-seq) (Fig. 3E) . Interestingly, PAF1 depletion led to increased interaction between the enhancer and promoter (Fig. 3E) , which could contribute to the observed release of paused Pol II. The enhancer for IER5 was within the promoterproximal contact domain, and its interactions with the promoter could not be resolved by 4C because of the paucity of suitable restriction enzyme sites in this region. RNA-seq experiments showed that with a similar knockdown efficiency of PAF1, enhancer deletion blocks the induction of nearby genes but not more distal genes (Fig. 3, F  and G, and fig. S7, A and B) . To further confirm the specific regulation of nearby target genes by the deleted enhancers, we compared the expression profiles of the enhancer knockout cells. IER5 and SERPINE2 were the only significantly affected genes within 5 Mb of the deleted enhancers on chromosomes 1 and 2, respectively, indicating that they are directly regulated by these enhancers (Fig. 3, H and I ). Of note, the differential expression of IER5 and SERPINE2 was evidently more significant in the PAF1-depleted condition (Fig. 3 , H and I), which suggests that enhancer-bound PAF1 is required for gene activation through pause release. Overall, these data suggest that the activation of enhancers promotes the release of paused Pol II at a subset of genes.
It was previously suggested that PAF1's role in regulating pausing might be cell type-specific, with PAF1 promoting the release from pausing in THP1 cells (11) . However, when we performed Pol II ChIP-seq and gene expression analysis in THP1 cells in the presence and absence of PAF1 short hairpin RNA (shRNA), our results suggest that PAF1 functions in the maintenance of the paused state of Pol II in these cells as well ( fig. S8 , A to C).
Studies of PAF1 are complicated by its acting as a platform for multiple cotranscriptional processes, including transcription elongation and termination of Pol II (12) (13) (14) (15) . To help disambiguate roles for PAF1 in the maintenance of promoterproximal pausing, we turned to the heat shock response. During the heat shock response, heat shock-responsive genes are rapidly induced through increased release of paused Pol II while many transcribed genes exhibit increased pausing (16) . To investigate the role of PAF1 in regulating the dynamics of pausing in response to heat shock, we performed ChIP-seq of Pol II and H3K27ac in cells transduced with shPAF1 or NONT before heat shock or after 90 min of heat shock at 43°C (Fig. 4A) . K-means clustering of Pol II ChIP-seq confirmed that a large number of genes exhibit increased pausing, whereas heat shock-responsive genes exhibit release from pausing ( fig. S9A ). PAF1 depletion led to release of paused Pol II for more highly paused genes but not less-paused genes ( fig. S9A ). To investigate the role of enhancer activity in regulating gene activation during heat shock, we profiled Pol II occupancy on genes within 80 kb of the top 1000 heat shock-repressed (Fig. 4 , B and C) or heat shock-induced enhancers ( fig. S9 , B and C). A decrease in the release of paused Pol II was observed for genes nearby repressed enhancers (Fig. 4, B and C) , whereas for genes 3 of 5 nearby induced enhancers, heat shock promoted pause release accompanied by an induction of initiation ( fig. S9, B and C) . We therefore focused on the heat shock-repressed enhancers and their nearby genes mainly representing an increase in pausing.
At many genes such as NABP1 and VCL, PAF1 depletion prevented not only the repression of nearby enhancers (Fig. 4, D and F) but also an increase in pausing (Fig. 4 , E and G) during heat shock. Genome-wide analysis of H3K27ac revealed that PAF1 knockdown cells were defective in repression of enhancers during heat shock (Fig.  4H and fig. S9D ). In addition to the failure to fully repress enhancers during heat shock, we also observed defects in pausing of nearby genes in PAF1 knockdown cells (Fig. 4I) . A direct role of PAF1 at enhancers in this process is suggested by the observed relative increase of PAF1 compared to Pol II at enhancers repressed during heat shock ( fig. S9E ), as well as the corresponding decrease in the PAF1-Pol II ratio at enhancers activated by heat shock (fig. S9F ). Together, these data suggest that pausing and the release from pausing at these genes are both regulated by the activity of nearby enhancers in a PAF1-dependent manner.
Acute depletion strategies have recently been developed as an alternative to multiday knockdown of proteins by RNA interference (RNAi), and some have led to different conclusions for protein function from the prior RNAi studies (17, 18) . To determine the effect of acute depletion of PAF1 on pause release, we used CRISPR/Cas9 to introduce the auxin-inducible degron (AID) tag at the C terminus of the endogenous PAF1 locus in DLD-1 cells expressing the TIR1 protein from Oryza sativa (fig. S10A ). As soon as 60 min after addition of auxin, PAF1 was largely depleted from the DLD-1 cells ( fig. S10B ) and release of Pol II from promoter-proximal pausing could be observed ( fig. S10, C to I) . Therefore, the effects we report for the role of PAF1 on promoterproximal pausing appear to be a direct consequence of loss of PAF1 function and not an indirect effect from several days of knockdown.
A study in Drosophila reported the surprising finding that promoters, but not enhancers, play a central role in setting up the paused state of Pol II (19) . Our data from mammalian cells are in agreement with the conclusion that promoters are 4 of 5 sufficient for the establishment of the paused state. We found that enhancer activation plays a pivotal role in mediating pause release in a PAF1-dependent manner. Numerous studies have used genome-wide analysis of histone marks and eRNA transcription to classify enhancers into various states such as inactive, poised, active, or super-enhancers (20) (21) (22) . Our finding, that PAF1 restrains full activation of less active enhancers and consequently hinders the release of paused Pol II, reveals an additional layer of enhancer regulation that directly connects enhancer function with the control of gene expression at the level of transcription elongation. 
